
 

 

 

University of Veterinary Medicine Hannover 

 

 

 

 

 

Glucose metabolism in dairy cows supplemented 

conjugated linoleic acid 

 

 

 

 

 

Thesis 

Submitted in partial fulfilment of the requirements for the degree 

- Doctor of Veterinary Medicine- 

Doctor medicinae veterinariae 

( Dr. med. vet. ) 

 

 

 

by 

Kristin Hötger 

Steinheim 

 

 

 

 

 

Hannover 2013 

 



 

 

 

Academic supervision:   1. PD. Dr. Harald M. Hammon 

       Nutritional Physiology “Oskar Kellner”, 

       Leibniz Institute for Farm Animal Biology, 

       Dummerstorf 

 

 

      2. Prof. Dr. J. Rehage 

       Clinic for Cattle, 

       University of Veterinary Medicine, 

       Hannover 

 

 

 

 

1. Referee      Prof. Dr. J. Rehage 

       Clinic for Cattle 

 

2. Referee      Prof. Dr. J. Kamphues 

       Institute of Animal Nutrition 

 

 

 

Day of oral examination: 11. November 2013 

 

 

 

The study was carried out at the Leibniz Institute for Farm Animal Biology 

(FBN) and supported by BASF, Ludwigshafen. 

  



 

 

 

 

 

 

 

 

 

Dedicated with love to Sissi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Content 

 

 

 

 

Content                 Page 

 

  1.   INTRODUCTION*          9 

 

  2.   LITERATURE        11 

  2.1.   The Transition Period with Focus on Glucose Metabolism   11 

  2.2.   Effects of Conjugated Linoleic Acid Supplementation on Milk 

  Production, Energy Status and Glucose Metabolism in Dairy Cows 16 

  2.3.   Aim of the Study        20 

 

  3.   MATERIALS AND METHODS*      22 

  3.1.  Animals and Feeding        22 

  3.2.   Metabolites and Hormones       25 

  3.3.   Glucose Tolerance Test       26 

  3.4.   Endogenous Glucose Production and Endogenous Glucose Oxidation 26 

  3.5.   Analyses in Liver        27 

  3.6.   Statistical Analyses        28 

 

  4.  RESULTS*         29 

  4.1.  Animal Performance        29 

  4.2.   Metabolites and Hormones       37 

  4.3.  Endogenous Glucose Production, Glucose Oxidation, and Glucose  

  Tolerance Test        40 

  4.4.   Measurements in Liver       43 

 

  5.   DISCUSSION*        45 
  5.1.  Conjugated Linoleic Acid Effects on Milk Performance    

  and Body Condition        45 

  5.2.  Conjugated Linoleic Acid Effects on Glucose Metabolism   46 

 

  6.   REFERENCES        51 

  7.   APPENDIX         67 

  8.   SUMMARY         77 

  9.   ZUSAMMENFASSUNG       81 

10.   ACKNOWLEDGEMENTS      85 

 

 

 



Content 

 

 

 

 

*Part of the manuscript “Supplementation of conjugated linoleic acid in dairy 

cows reduces endogenous glucose production during early lactation” 
 
by Kristin 

Hötger, Harald M. Hammon, Claudia Weber, Solvig Görs, Arnulf Tröscher, 

Rupert M. Bruckmaier and Cornelia C. Metges.  

 

Published in Journal of Dairy Science (96 :2258–2270, 2013).  

 

 



 

 

 

List of Abbreviations 

a.p.  ante partum 

ADF  acid detergent fiber 

AUC  area under the curve 

BCS  body conditioning score 

BFT  back fat thickness 

BHBA  β-hydroxybutyrate 

BW  body weight 

cis  cis configuration 

CLA  conjugated linoleic acid 

CPT-1  carnitine palmitoyl-transferase 1 

Ctrl  control 

d  day 

DMI  dry matter intake 

ECM  energy corrected milk 

EDTA  ethylenediaminetetraacetic acid 

eGP  endogenous glucose production 

et al.  et alii 

FA  fatty acid 

g  gram 

g  standard acceleration due to gravity (g = 9.80665 m/s
2
) 

G6Pase glucose-6-phosphatase 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

GNG  gluconeogenesis 

GOx  glucose oxidation 

GTT  glucose tolerance test 

kg  kilograms 

l  liters 

LSM  least square mean 

min  minute 

MJ  megajoules 

ml  millilitre 

mmol  millimole 



 

 

 

mRNA  messenger ribonucleic acid 

MUFA  mono unsaturated fatty acid 

n  number of experimental animals 

NDF  neutral detergent fiber 

NEFA  nonesterified fatty acids 

NEL  net energy for lactation 

ng  nanograms 

p.p.   post partum 

PC  pyruvate carboxylase 

PCR  polymerase chain reaction 

PEPCK phosphoenolpyruvate carboxykinase 

PUFA  poly unsaturated fatty acids 

r
2
   coefficient of determination 

SEM  standard error of the mean 

TMR  total mixed ration 

trans  trans configuration 

wk  weeks 

%  percentage 

°C  °Celsius 

 



 Introduction 

 

 

9 

 

1. INTRODUCTION*  

 
High yielding dairy cows are not able to compensate completely for the energy lost 

due to milk production during early lactation by a sufficient increase of feed intake 

(Bell and Bauman, 1997; Drackley et al., 2001; Kokkonen et al., 2005). This leads to 

the mobilization of body reserves resulting in negative energy balance that may be 

associated to health problems. In turn, this can negatively affect animal welfare and 

profitability of milk production (Bauman, 2000; Drackley et al., 2001; Eastridge, 

2006). One possibility to reduce milk energy output in dairy cows is the decrease of 

milk fat content by feeding rumen-protected conjugated linoleic acid (CLA) and in 

particular the trans-10, cis-12 CLA isomer (Baumgard et al., 2000; Bauman et al., 

2008). Reports on CLA induced alterations of macronutrient and energy metabolism 

in cows are inconsistent and CLA effects may depend on the dietary status and the 

stage of lactation of the investigated cows (Castañeda-Gutiérrez et al., 2005; Selberg 

et al., 2004; Odens et al., 2007; Bauman and Griinari, 2003). Concerning glucose 

metabolism, CLA elevated plasma glucose concentrations in one study (Odens et al., 

2007), but in general, investigations on glucose metabolism with respect to CLA 

supplementation in dairy cows are limited to glucose concentrations in blood plasma 

and insulin responses (Bauman et al., 2008). However, it is unknown if CLA 

supplementation in dairy cows also changes glucose turnover. 

Availability of glucose in the mammary gland is essential for high lactose production 

and thus milk production in dairy cows (Drackley et al., 2001; Brockman, 2005), 

because lactose is the major osmoregulator for mammary uptake of water (Linzell, 

1972; Rigout et al., 2002). In ruminants, very little glucose originates from net portal 

absorption, and endogenous glucose production (eGP), i. e. the sum of 

gluconeogenesis and glycogenolysis, provides most of the glucose for milk production 
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(Danfaer, 1994; Bell and Bauman, 1997; Brockman, 2005; Aschenbach et al., 2010). 

Therefore, hepatic glucose production strongly increases after calving in dairy cows to 

provide glucose (Danfaer, 1994; Bell and Bauman, 1997; Brockman, 2005; 

Aschenbach et al., 2010). However, it is not known if CLA supplementation affects 

eGP as well as glucose oxidation (GOx) in high-yielding dairy cows during early 

lactation. Since feeding trans-10, cis-12 CLA reduces milk fat synthesis and glucose is 

needed for milk fat synthesis (Grummer and Carroll, 1991; Bauman and Griinari, 

2003), we tested the hypothesis that CLA supplementation may decrease eGP and 

affect hepatic gene expression of enzymes involved in eGP and hepatic fatty acid 

oxidation to explain lower glucose utilization due to reduced milk fat synthesis. 

Therefore, the objective of this study was to quantify in vivo eGP and GOx as well as 

hepatic mRNA abundance of enzymes involved in gluconeogenesis and fatty acid 

oxidation of CLA supplemented dairy cows. 
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2. LITERATURE 

 
2.1. The Transition Period with Focus on Glucose Metabolism 

The transition period from three weeks before calving to three weeks in milk is known to be a 

highly critical time in regard to metabolic adaptation to lactation in dairy cows. Feed intake, 

and therefore energy intake, is insufficient to meet the requirements for milk production 

(Drackley et al., 2001). Consequently, the negative energy balance causes a reduction of body 

weight due to substrate mobilization from body tissue (mainly body fat) to meet energy 

demands. The negative energy balance is most severe during the first two to four weeks after 

parturition, when milk production reaches nearly the maximal level, but feed intake does not 

increase to the same extent to cover energy demands. Maximal feed intake occurs much later 

than maximal milk production, commonly at six to eight weeks in lactation (Grummer et al., 

1995; Ingvartsen, 2006; Hammon et al., 2009).  

Metabolic changes during the transition period are characterized by elevated plasma 

concentrations of nonesterified fatty acids (NEFA) and β-hydroxybutyrate (BHBA); 

(Drackley et al., 2001; Reist et al., 2003; Vernon, 2005b; Hammon et al., 2009). The uptake 

of NEFA into the liver depends directly on plasma NEFA concentrations and hepatic NEFA 

uptake rises with respect to increased plasma NEFA concentrations during the transition 

period (Grummer, 1993; Drackley, 1999). The fat content of the liver increases when the 

uptake of NEFA exceeds oxidation of fatty acids to CO2 or ketone bodies and the release of 

fatty acids by very low density lipoproteins (VLDL; Sparks is and Sparks, 1985; Drackley, 

1999; Rukkwamsuk et al. 1999a, b). Because the capacity of fat release from the liver by 

VLDL is limited in cattle and the hepatic capacity of fatty acid oxidation is not sufficient for 

complete oxidation to CO2 (Drackley et al., 2001), plasma concentrations of ketone bodies 

and BHBA increase and the fat content of the liver rises after re-esterification of fatty acids to 

triglycerides during first weeks of lactation (Sparks and Sparks, 1985; Rukkwamsuk et al. 
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1999a, b; Drackley, 1999; Stangassinger and Sallmann, 2004). The activity of carnitine 

palmitoyl-transferase 1 (CPT-1), which catalyzes the transport of fatty acids from cytosol to 

mitochondria, is probably the pacemaker for fatty acid oxidation in the liver, whereas the 

shortage of oxaloacetate in the mitochondria leads to ketone body formation (Baird et al., 

1974; Grum et al., 1996; Holtenius and Holtenius, 1996; Drackley, 1999; Drackley et al., 

2001). 

Besides NEFA and ketone bodies, glucose is an important energy fuel, especially for the 

gravid uterus and lactating mammary gland, that are the most energy demanding organs in 

glucose consumption during the transition period (Bell, 1995; Bell and Bauman, 1997). 

Glucose concentrations in the blood plasma decrease shortly after parturition and recover 

during the first month in lactation (Reist et al., 2003; Hammon et al., 2009; Weber et al., 

2013b). The decrease of plasma glucose concentrations after parturition in high-yielding dairy 

cows mirrors the high priority of the mammary gland in glucose consumption for milk 

synthesis (Bauman, 2000; Drackley et al., 2001; Reist et al., 2003; Stangassinger and 

Sallmann, 2004). Sufficient glucose supply is important for lactose synthesis in the mammary 

gland to implement a high level of milk production, because lactose is the major osmotic 

regulator for mammary uptake of water and determines the milk volume (Linzell, 1972; 

Drackley et al., 2001; Rigout et al., 2002; Brockman, 2005). Therefore, sufficient glucose 

supply is important to achieve maximal milk production level in dairy cows (Hurtaud et al., 

2000; Rigout et al., 2003). Besides elevated hepatic glucose production, less glucose is 

utilized in peripheral tissues such as muscle and fat tissue to spare glucose for milk synthesis 

after parturition (Bell and Bauman, 1997; Bauman, 2000; Stangassinger and Sallmann, 2004). 

Because ruminants digest most of the dietary carbohydrates in the forestomach and produce 

short-chain fatty acids after microbial fermentation of carbohydrates, less than 10 % of the 

glucose requirement is absorbed from the ruminant digestive tract (Young, 1977; Huntington, 
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1997; Aschenbach et al., 2010). Consequently, dairy cows have to produce most to the 

glucose needed for milk synthesis by eGP, mainly in the liver (Danfaer, 1994; Drackley et al., 

2001; Blum, 2004; Brockman, 2005). Therefore, gluconeogenesis and glycogenolysis are 

important metabolic pathways to provide glucose for milk synthesis in the mammary gland 

(Ballard et al., 1969; Danfaer, 1994; Bell and Bauman, 1997; Brockman, 2005; Aschenbach et 

al., 2010). Up to 85 % of glucose production may go to the mammary gland during lactation 

(Stangassinger and Sallmann, 2004). In dairy cows, propionate is the main precursor for 

gluconeogenesis, other precursors are lactate and amino acids (mostly alanine) (Reynolds et 

al., 2003; Stangassinger and Sallmann, 2004; Larsen and Kristensen, 2009; Aschenbach et al., 

2010). Glycerol, released from adipose tissue as a consequence of lipolysis, may also 

contribute to gluconeogenesis around parturition (Bell, 1995). In contrast to monogastric 

animals, gluconeogenesis increases in ruminants after feed intake due to enhanced substrate 

availability, and eGP increases during early lactation when dry matter intake increases in 

dairy cows (Aschenbach et al., 2010).  

Increasing of hepatic glycogenolysis and gluconeogenesis after parturition is most important 

for dairy cows to cover glucose demands (Figure 1). Elevated glycogenolysis in the liver is 

confirmed by glycogen breakdown in the liver during early lactation (Duske et al., 2009; 

Hammon et al., 2009; Weber et al., 2013b). The increase of hepatic gluconeogenesis is 

mirrored by elevated gene expression and/or activities of key-enzymes, such as pyruvate 

carboxylase (PC), mitochondrial and cytosolic phosphoenolpyruvate carboxykinase 

(PEPCKm and PEPCKc), and glucose-6-phosphatase (G6Pase), that are involved in hepatic 

glucose synthesis (Sallmann and Fuhrmann, 2009; van Schaftingen and Gerin, 2002; 

Stangassinger and Sallmann, 2004; Aschenbach et al., 2010). Time patterns of the postnatal 

increase differ among these gluconeogenic enzymes, showing an immediate increase of 

mRNA abundance of PC, PEPCKm, and G6Pase, but a delayed increase of PEPCKc 
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(Greenfield et al., 2000; Agca et al, 2002; Cedeno et al., 2008; Hammon et al., 2009; Weber et 

al., 2013a). It has been suggested that the immediate increase of PC and PEPCKm with the 

beginning of lactation may represent the enhanced gluconeogenic activities with pyruvate 

(either from amino acids such as alanine or from lactate) as main precursor. Because of 

limited propionate availability due to insufficient dry matter intake after parturition (Reynolds 

et al., 2003), the delayed increase of PEPCKc may mirror the slow increase of propionate 

availability for gluconeogenesis after parturition (Stangassinger and Sallmann, 2004; 

Brockman, 2005; Donkin and Hammon, 2005; Aschenbach et al., 2010). Activities of G6Pase 

in ruminants are estimated to be quite high compared to mice (Tanaka et al., 2006). After 

parturition, G6Pase activities are elevated in cows (Rukkwamsuk et al., 1999b). 

Gene expressions of gluconeogenic enzymes are regulated by hormones, where insulin 

inhibits but glucagon, catecholamines, and glucocorticoids stimulate gluconeogenic gene 

expression in liver (Exton, 1979; McDowell, 1983; Brockman and Laarveld, 1986; Hanson 

and Reshef, 1997; Jitrapakdee and Wallace, 1999; Donkin, 1999). Plasma insulin 

concentrations decrease in dairy cows around parturition and then begin to increase 

postpartum with increasing feed intake (Kunz et al., 1985; Hammon et al., 2009; Weber et al., 

2013b). Besides reduced plasma insulin concentrations, insulin resistance occurs around 

parturition that may favor hepatic gluconeogenic activities and assures glucose supply to the 

mammary gland after onset of lactation (Bell, 1995; Bell and Bauman, 1997). The increase of 

glucagon, the glucagon/insulin ratio, catecholamines, and glucocorticoids around parturition 

stimulates gluconeogenesis and the breakdown of glycogen in liver (Brockmann, 1978; Exton, 

1979; McDowell, 1983; De Boer et al., 1985; Vazquez-Anon et al., 1994; Brockman and 

Laarveld, 1986; Donkin, 1999). Interestingly, a study by She (1999) showed a 50% increased 

expression of PC mRNA after 3.5 hours of glucagon infusion in mid-lactation, whereas a 

short time treatment of 4 injections within 21 hours during early lactation did not. 
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Figure 1: Hepatic Glucose Production (Simplified Scheme) 

Adapted from Stürmer (2009) 
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Especially an elevated glucagon/insulin ratio may affect hepatic glucose production (Danfaer, 

1994; Donkin, 1999; Drackley et al., 2001; van Schaftingen and Gerin, 2002; Lohrenz et al., 

2010) and ketogenesis (De Boer et al., 1985), but recent correlation studies in dairy cows 

around parturition indicate low numbers of correlations of gluconeogenic enzymes on a gene 

expression level with endocrine changes (Weber et al., 2013a). 

Elevated liver fat content is known from studies in bovine hepatocyte cultures to suppress 

gluconeogenesis (Cadorniga-Valino et al., 1997; Mashek and Grummer, 2003). However, 

cows with elevated liver fat content after parturition did not show any impairment in mRNA 

abundance of gluconeogenic enzymes, although plasma glucose concentrations around 

parturition were reduced (Hammon et al., 2009; Weber et al., 2013a, b). In addition, feeding 

rumen protected fat in dairy cows during mid-lactation decreases plasma glucose 

concentrations and hepatic gene expression of G6Pase, but did not influence stimulation of 

insulin secretion (Lohrenz et al., 2010). These findings indicate that changes in fat 

metabolism around parturition affect systemic and hepatic glucose metabolism in dairy cows. 

 

2.2. Effects of Conjugated Linoleic Acid Supplementation on Milk Production, Energy Status 

and Glucose Metabolism in Dairy Cows 

Conjugated linoleic acids (CLA) belong to the long chain fatty acids with 18 carbon atoms 

and two unsaturated bonds (polyunsaturated fatty acids; PUFA). Conjugated double bonds 

imply two unsaturated bonds with only one single bond in between (Delmonte et al., 2004).  
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Figure 2: Structural comparison of trans-10 cis-12 CLA, cis-9 trans-11 CLA and linoleic acid 

(C18:2)  
Adapted from Pariza (2001) 

 

Studies in animals and humans show health benefits of CLA isomers with relation to weight 

management, cancer prevention, reduction of atherosclerosis, and modulation of the immune 

system (Crumb, 2011). Several CLA isomers, especially the cis-9, trans-11 isomer, indicate 

anti-carcinogenic, (Ip et al., 1994; Lee et al., 2008; Evans et al., 2010), anti-inflammatory 

(Hayek et al., 1999; Yang and Cook, 2003; Lee et al., 2008), body fat modulating (Gaullier et 

al., 2007), and anti-diabetogen effects (Moloney et al., 2004) in various animal and human 

studies.  

Dairy products are the major dietary sources of CLA, and the cis-9, trans-11 CLA is the 

predominant isomer in natural lipids (Baumgard et al., 2000; Loor et al., 2003). Synthesis of 

CLA in ruminants occurs due to enzymatic biohydrogenation of PUFA by bacteria in the 

rumen and by endogenous synthesis in peripheral tissues like the mammary gland and fat 

tissue (Bauman et al., 2000; Jenkins et al., 2008). Main substrates for CLA formation in the 

rumen are linoleic and linolenic acids and several CLA isomers are intermediate products of 

PUFA biohydrogenation (Kepler and Tove, 1967; Bauman et al., 2000; Khanal and Dhiman, 

2004; Jenkins et al., 2008; Lee and Jenkins, 2011). Vaccenic acid (trans-11, 18:1) which is 
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also an intermediate of PUFA biohydrogenation in the rumen is the primary substrate of 

endogenous CLA formation when 9 desaturase catalyzes the synthesis of CLA in peripheral 

tissue like the mammary gland (Bauman et al., 2000; Griinari et al., 2000). Therefore, CLA is 

particularly found in rumen products such as milk and meat (Molkentin, 2000; Gillis et al., 

2004a, b). 

Research in dairy cattle so far focuses on the depression of milk fat due to CLA 

supplementation (Bauman and Griinari, 2003). Milk fat depression occurs in a dose-

dependent fashion, but milk fat depression by CLA supplementation shows a time lag after 

parturition of about two to three weeks (Baumgard et al., 2001; Bernal-Santos et al., 2003; 

Castañeda-Gutiérrez et al., 2005; Gervais et al., 2005; Odens et al., 2007; Bauman et al., 

2008). On the other hand, milk protein and lactose content is not affected due to CLA 

supplementation (Bauman et al., 2011). Although it is supposed that the reduced milk fat 

output results in an improved energy balance after parturition in dairy cows, results so far are 

inconsistent, often indicating no effects of CLA diets on energy balance in dairy cows 

(Bernal-Santos et al., 2003; Selberg et al., 2004; Castañeda-Gutiérrez et al., 2005; Moallem et 

al., 2010). One reason for this finding might be the trend for a reduced DMI with CLA 

feeding, that leads to a more efficient milk production, although milk yield does not change in 

most studies (Moallem et al., 2010; Pappritz et al., 2011; von Soosten et al., 2011; Bauman et 

al., 2011). However, comparisons among studies are difficult due to variation of the studies in 

CLA doses and application (abomasal infusion versus rumen-protected CLA feeding), 

duration, and lactation stage of CLA feeding. 

Especially the trans-10 cis-12 CLA isomer is well known to cause milk fat depression in dairy 

cows (Baumgard et al., 2000; Baumgard et al., 2001, Baumgard et al., 2002) and the reduction 

of milk fat in cows affects both, the synthesis of fatty acids and fat synthesis from preformed 

fatty acids (Bauman and Griinari, 2003; Bauman et al., 2008). Bovine milk contains about 3.5 
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to 5 % total lipids, where 95 to 98 % of milk fat consists of triglycerides (Jensen et al., 1991). 

Triglycerides are synthesized in the mammary gland through esterification of fatty acids to 

glycerol. Milk fatty acid composition reflects metabolic pathways and the source of fatty 

acids used for the synthesis of milk fat. Short- and medium-chain fatty acids (C6:0 - C14:0) 

arise almost exclusively from de novo synthesis from acetate and BHBA. Long-chain fatty 

acids (> C16:0) are derived from the uptake of circulating blood lipids, after absorption from 

the small intestine or after mobilization from adipose tissue. Fatty acids of C16:0 in length 

originate from both sources (Linzell, 1967; Bauman and Davis 1974; Palmquist and Jenkins, 

1980; Neville et al.,1983; Chilliard, 1992; Bauman and Griinari, 2003).  

Obviously, CLA affects gene expression of enzymes involved in fatty acid synthesis and 

triglyceride formation in a coordinated fashion, where the transcription factor sterol response 

element-binding protein-1 is involved (Gervais et al., 2009; Harvatine et al., 2009; Shingfield 

et al., 2010; Bauman et al., 2011). However, recent investigations in sheep point at a possible 

CLA effect on enzymes involved in triglyceride esterification in the mammary gland (Hussein 

et al., 2013). In this context, glucose is important for providing glycerin and NADPH by the 

pentose phosphate cycle that both are needed in sufficient amounts for triglyceride formation 

in the mammary gland (Bauman and Davis, 1974; Barber et al., 1997; Neville and Picciano, 

1997; Bauman and Griinari, 2003; Nafikov and Beitz, 2007). Only 10 % of glycerol needed 

for triglyceride synthesis is derived from blood uptake, the majority is synthesized within the 

mammary gland (Gravert, 1983). About 20-30% of available glucose is used for NADPH and 

glycerol production for fatty acid synthesis during lactation (Stürmer, 2009). Therefore, 

glucose is the primary precursor for lactose synthesis, but in addition involved in milk fat 

synthesis.  

The milk fat depression by CLA feeding might affect glucose metabolism in dairy cows by 

sparing glucose due to less glucose utilization in the mammary gland when milk fat synthesis 
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is reduced (Palmquist and Jenkins, 1980; Emery and Herdt, 1991; Grummer and Carroll, 

1991). On the other hand, more glucose is available for lactose synthesis that might explain 

the increased milk production partly seen in dairy cows after CLA supplementation (Moore et 

al., 2004; Odens et al., 2007; Pappritz et al., 2011). However, many studies show no effect of 

CLA supplementation on milk yield (Castañeda-Gutiérrez et al., 2005; Kay et al., 2007; 

Gervais et al., 2009).  

Investigations of glucose metabolism with respect to CLA supplementation in dairy cows are 

rare. Odens (2007) showed increased plasma glucose concentrations after CLA 

supplementation in dairy cows, and in one study, plasma glucose concentrations were 

elevated after, but not during CLA supplement (Pappritz et al., 2011). Most studies indicated 

no effects of CLA supplementation on plasma glucose concentrations and insulin-dependent 

glucose metabolism (Baumgard et al., 2002; Moore et al., 2004; Bauman et al., 2008, 2011). 

Whether changes in mammary fat and glucose metabolism may affect systemic glucose 

turnover in dairy cows is subject of the investigations in this study. 

 

2.3. Aim of the Study 

In ruminants, only small quantity of glucose originates from net portal absorption and eGP 

provides most of the glucose for milk production. Therefore, hepatic glucose production 

strongly increases after calving in dairy cows to cover glucose demands for milk production 

(Danfaer, 1994; Bell and Bauman, 1997; Brockmann, 2005; Aschenbach et al., 2010). 

However, the extent to which CLA supplementation affects glucose metabolism in high-

yielding dairy cows during early lactation is still unknown. 

A reduced milk fat synthesis may spare glucose and, therefore, may affect lactose synthesis as 

well as systemic glucose metabolism in high-yielding dairy cows. Therefore, the hypothesis 
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was tested that milk fat depression due to CLA supplementation reduces eGP in dairy cows, 

because less glucose is needed for fat synthesis in the mammary gland. 
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3. MATERIALS AND METHODS 

 
3.1. Animals and Feeding 

All experimental procedures were according to German animal protection law and approved 

by the relevant authorities of the state Mecklenburg-Vorpommern, Germany (LALLF M-

V/TSD/7221.3-2.1-003/09). Twenty Holstein cows with comparable milk production (first 

lactation > 9.000 kg milk in 305 d), from the research herd of the FBN Dummerstorf or 

purchased from a local farm, were kept in a tie stall and were randomly allocated to two 

groups before beginning of their second lactation.  

Cows were ad libitum fed a TMR supplemented with either with 50 g/d Lutrell pure (BASF, 

Ludwigshafen, Germany) containing 9.3 % trans-10, cis-12 and 10.3 % cis-9, trans-11 CLA 

isomers (CLA; n=10), or 50 g/d control fat (BASF; Ludwigshafen, Germany; Ctrl; n=10) 

(Table 1). Both fat types were provided in a rumen-protected form. CLA supplementation 

lasted from 2 wk prior to estimated calving date to wk 9 of lactation (= supplementation 

period). From wk 10 to wk 12 in both groups fat supplementation was removed from the 

ration, respectively (= depletion period). The experiment was terminated at wk 12 of lactation. 

Cows were investigated in 5 blocks consisting of 4 cows in each block (two Ctrl and two CLA 

cows) from July 2009 to August 2010. Cows did not suffer from clinical diseases such as 

metritis, milk fever, ketosis or displaced abomasum. When mastitis occurred cows were 

treated with antibiotics and milk data during clinical mastitis were removed from data 

analyses. 

Cows had free access to water. Individual feed intake was recorded daily. Feed samples 

(TMR, corn and grass silage) were pooled weekly, stored at -20°C until analyzed according to 

Naumann and Bassler (2004) at the Agricultural Faculty of the University of Rostock and at 

the Landwirtschaftliche Untersuchungs- und Forschungsanstalt (LUFA, Rostock, Germany). 

Ingredients and chemical composition for the close-up (wk 2-0 before parturition) and 
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lactation diet (wk 1-12 of lactation) are shown in Table 2. Cows were milked twice daily and 

milk samples were taken once weekly for measurement of fat, lactose, and protein in milk at 

the Landeskontrollverband für Leistungs- und Qualitätsprüfung Mecklenburg-Vorpommern 

e.V. (Güstrow, Germany). In milk samples collected in wk 3 and wk 9 of lactation fatty acid 

pattern was determined at the Lehrstuhl für Tierzucht, Technische Universität München 

(Kranzberg, Germany) as described (Sigl et al., 2010). ECM and energy balance were 

calculated as described (Hammon et al., 2009). BW, BCS, and back fat thickness (BFT) were 

recorded weekly (Duske et al., 2009).  

Table 1: Fatty Acid Composition of CLA and Control Supplements 

Fatty acid, % of total fatty acid CLA
1
 Ctrl

2 

C14:0   0.24   0.28 

C15:0 <0.1 <0.1 

C16:0 11.11 11.55 

C16:1 <0.1 <0.1 

C18:0 53.34 53.50 

C18:1 cis-9 10.43 10.12 

C18:2 cis-9, cis-12   0.67 23.52 

C18:2 trans-10, cis-12 CLA   9.26 <0.1 

C18:2 cis-9, trans-11 CLA 10.30 <0.1 

C18:3  cis-9, cis-12, cis-15 <0.1 <0.1 

C20:0   0.53   0.55 

C22:0   0.49   0.47 

C24:0 <0.1 <0.1 

others   3.62    

 

1 
CLA supplemented cows were fed ad libitum TMR (Table 1) supplemented with 50 g/d 

Lutrell pure, (BASF, Ludwigshafen, Germany) from 14 d before calving to 63 d in milk 
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2 
Ctrl cows were fed ad libitum TMR (Table 1) supplemented with 50 g/d control fat (rumen 

protected sunflower oil from BASF; Ludwigshafen, Germany) from 14 d before calving to 63 

d in milk 

Table 2: Ingredients and chemical Composition of Diets  

Item % of DM Diet 

Ingredient Close-up
1
 Lactation

2
 

Corn silage 36.3 30.7 

Grass silage 27.6 14.9 

Straw 10.2   1.9 

Hay    6 

Concentrate MLF 2000
3
  33.3 

Concentrate Universal 18/3
4
 16.5  

Extracted rapeseed meal   7.4   4 

Dryed beet pulp    8.3 

Minerals
5,6

   2   0.9 

Chemical analyses   

Utilizable protein
7
 13.2 16.3 

Crude fat
7
   3.3   3.0 

ADF  18.2 16.3 

NDF  33.1 29.1 

NEL
7
 MJ/kg of DM   6.5   7.2 

 

1 
Close-up diet was fed 14 d before parturition. 

2 
Lactation diet was fed after parturition. 

3 
Concentrate MLF 2000 consisted of (g/kg DM) 330 g  soy, 200 g corn, 170 g wheat gluten, 

130 g wheat, 80 g rape seed expeller, 50 g low sugar beet pulp chips, calcium (0.13 mol; 5,2 

g), sodium (0.42 mol; 9.65 g), chloride (0.03 mol; 1,2 g). 

4 
Concentrate Universal 18/3 consisted of  (g/kg DM) 200-400 g cereals (triticale, rye, wheat, 

barley), < 250 g rape seed expeller, malt germs, wheat gluten, wheat bran, peeled oat-bran, 

beet pulp chips, molasses, glycerin,  calcium (0.19 mol; 7.5 g), phosphorus (0.18 mol; 5.5 g), 
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sodium (0.09 mol; 2 g), retinol (9.66 µmol; 2.4 mg), ß-carotene (8.95 µmol; 4.8 mg), 25-OH-

vitamin D3 (0.05 µmol; 22,5 µg). 

5 
Mineral supplements in close-up feeding: Anionen-Mix 1141 (Salvana, Sparrieshoop, 

Germany) g/kg DM  calcium (3.5 mol; 140 g), sulphur (3.9 mol; 125 g), chlorine (3.4 mol; 

120 g), magnesium (4.1 mol; 100 g), phosphorus (0.65 mol; 20 g), retinol (0.48 mmol; 0.12 

g), ß-carotene (0.45 mmol; 0.24 g), 25-OH-vitamin D3 (3 µmol; 1.25 mg), DL-α-

tocopherolacetate (8.5 mmol; 4 g). 

6 
Mineral supplements in lactation feeding: 

6
Rinderstolz 9522 (Salvana, Sparrieshoop, 

Germany) g/kg DM: calcium ( 5 mol; 200g), phosphorus (1.6 mol; 50 g magnesium (2.5 mol; 

60 g), sodium (3.5 mol; 80 g), retinol (1.2 mmol; 0.3 g), ß-carotene (1.1 mmol; 0.6 g), 25-OH-

vitamin D3 (12 µmol; 5 mg), DL-α-tocopherolacetate (9.5 mmol; 4.5 g). 

7 
German Society of Nutrition Physiology (2008). 

 

3.2. Metabolites and Hormones 

Blood samples were taken by jugular venipuncture (Vacuette®, Greiner Bio One 

International, Kremsmünster, Austria) once weekly (d relative to calving ± 1 d tolerance) after 

the morning milking and before cows were allowed to eat. Tubes either contained 

anticoagulants dipotassium-EDTA (1.8 mg/mL of blood) and sodium fluoride (3 mg/mL of 

blood) for triglycerides, NEFA, BHBA, cholesterol, glucose, and urea analyses, and 

potassium-EDTA (1.8 mg/mL of blood) for insulin and glucagon analyses in blood plasma. 

Blood samples were kept on ice before centrifugation at 4°C and 1500 × g for 20 min. Plasma 

aliquots were stored at -20°C until analyses. 

Plasma metabolites were analyzed with an automatic analyzer (Penta 400, Axon Lab, 

Reichenbach, Germany) at the clinic for cattle at the Stiftung Tierärztliche Hochschule 

(Hannover, Germany). Measurements of plasma concentrations of glucose and cholesterol 
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were performed with kits from MTI Diagnostics (no. 553-230, no. 553-124, Idstein, 

Germany). Triglycerides, urea, BHBA, and NEFA concentrations were analyzed using kits 

no. A11A01640, no. LT - UR 0050, no. RB 1008, and no. 434-91795 from Horiba Europe 

GmBH (Hannover, Germany), Lehmann (Berlin, Germany), Randox Laboratories (Crumlin, 

UK) and Wako Chemicals GmbH (Neuss, Germany), respectively. Plasma insulin 

concentrations were analyzed by RIA as described before (Hammon and Blum, 1998). Plasma 

glucagon concentrations were measured by RIA using a kit from Linco (GL-32K, Linco 

Research; Hammon et al., 2009).  

 

3.3. Glucose Tolerance Test  

A glucose tolerance test (GTT) was performed at the beginning of wk 3 and wk 9 of lactation, 

respectively. After overnight feed withdrawal cows were fitted with jugular catheters 

(Cavafix® Certo® 338, Braun, Melsungen, Germany) for infusion of a glucose bolus (1 

g/kg
0.75

; Hammon et al., 2010). Blood samples for determination of plasma glucose and 

insulin concentrations were collected 15 and 5 min before and 5, 10, 15, 20, 45, 60, and 120 

min after glucose infusion in tubes containing 1.6 mg of potassium-EDTA/mL blood 

(Monovette, Sarstedt AG, Nürnberg, Germany) and were put on ice until centrifuged at 1.500 

× g for 20 min at 4°C. Plasma aliquots were stored at −20°C until analyzed for glucose and 

insulin as described above. 

 

3.4. Endogenous Glucose Production and Glucose Oxidation 

Three days after GTT at wk 3 and wk 9 of lactation, respectively, eGP and GOx were 

determined after overnight feed withdrawal using a primed continuous intravenous infusion of 

[U-
13

C]-glucose (99 atom% 
13

C, Eurisotop, Staint Aubin, Cedex, France; prime: 5.4 µmol/kg; 

infusion: 7.5 µmol/(kg × h)) for 4 h (Hammon et al., 2008; Steinhoff-Wagner et al., 2011). 
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Cows were fitted with 2 jugular catheters (Cavafix® Certo® 338) for tracer infusion and 

blood sampling. Blood samples were collected 10 and 5 min before tracer infusion and at 10, 

30, 60, 90, 120, 150, 180, 210, and 240 min after start of infusion in tubes containing Li-

heparin (14 to 15 IU/mL, S-Monovette®, Sarstedt, Nürnberg, Germany). Enrichment of [U-

13
C]-glucose was determined by GC-MS (QP2010, coupled with GC 2010; Shimadzu, 

Duisburg, Germany) as recently described (Hammon et al., 2008; Steinhoff-Wagner et al., 

2011). Whole blood in potassium-EDTA tubes collected before and at regular intervals 

between 10 to 240 min after start of tracer infusion was used to isolate CO2, to measure its 

13
C/

12
C by ratio by mass spectrometry, and to calculate GOx (Hammon et al., 2008).  

 

3.5. Analyses in Liver 

Liver biopsies were taken at the end of wk 3 and wk 9 of lactation, respectively, immediately 

frozen in liquid nitrogen, and stored at −80°C until analyzed (Duske et al., 2009). Liver tissue 

was homogenized and glycogen concentration in liver was determined with a commercial 

photometric test kit based on amyloglucosidase-catalyzed release of glucose (Boehringer 

Mannheim/R-biopharm, Mannheim, Germany, 10207748035; 21). Measurement of liver fat 

concentrations was performed as described (Kuhla et al., 2004). 

Transcript levels were determined for pyruvate carboxylase (PC; EC 6.4.1.1), cytosolic 

phosphoenolpyruvate carboxykinase (PEPCKc; EC 4.1.1.32), glucose-6-phosphatase 

(G6Pase; EC 3.1.3.9), and carnitine palmitoyl-transferase 1(CPT- 1; EC 2.3.1.21) by the 

LightCycler Real-Time PCR System (Roche Applied Science, Mannheim, Germany), using 

SYBR Green I as detection format (Pfaffl, 2001; Hammon et al., 2009). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as a reference gene because it was not affected 

by diet and time. Primer sequences were recently published (van Dorland et al., 2009; 

Hammon et al., 2009). Melting temperatures were checked for specificity of each product. Gel  
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electrophoresis of the PCR product demonstrated only one single band of the expected size. 

Products were verified by sequencing using an ABI Sequencing kit (ABI Big Dye Terminator, 

Applied Biosystems, Darmstadt, Germany) and an ABI 310 Genetic Analyzer (Applied 

Biosystems). Relative quantification of mRNA concentrations was performed as described 

(Pfaffl, 2001; Hammon et al., 2009). Efficiencies of PCR were > 1.8 and inter- and intra-assay 

CV for reverse transcription-PCR were <1%, respectively. 

 

3.6. Statistical Analyses 

Data are presented as least square means (LSM) ± SEM. For data measured daily such as 

DMI and milk yield, data were condensed to weekly means for statistical analyses. For 

glucose and insulin plasma concentrations during GTT, the area under the curve (AUCgluc and 

AUCins, respectively) was calculated using the Graph-Pad computer program (GraphPad 

Software Inc., San Diego, CA). Basal concentrations were subtracted to calculate net AUC. 

Performance, metabolic, and hormone data, as well as eGP, GOx, AUC, and liver data were 

analyzed by the MIXED procedure (SAS/STAT 9.2, 2009; SAS Institute Inc., Cary, NC) with 

diet, time of blood sampling, and diet  time interaction as fixed effects and individual cows 

as random effect. Differences were localized by Tukey t test. For performance, metabolic, and 

hormone data, data was evaluated for treatment and time effects during supplementation and 

depletion periods separately. Data were considered significantly different when P < 0.05 and 

trends were discussed when P  0.15. 
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4. RESULTS 

 
4.1. Animal Performance 

After parturition, DMI increased (P < 0.01) in both groups with time, and tended to be lower 

(P = 0.15) in cows fed CLA than in Ctrl (Table 3). Body weight decreased in both groups 

around parturition (P < 0.01) until wk 4 of lactation and tended to be higher before parturition 

(interaction P = 0.07) in Ctrl than in CLA (Table 3). BFT and BCS decreased (P < 0.01) in 

both groups with onset of lactation (Table 3). Milk yield increased slightly more in Ctrl than 

in CLA cows, but after wk 5 of lactation milk yield was higher in CLA cows than in Ctrl 

(interaction P < 0.01; Figure 3A). ECM showed time effects (P < 0.01) for both groups (Table 

3). As expected, the CLA supplementation reduced milk fat concentration (P < 0.01) and milk 

fat yield (P < 0.01) by 14% and 13%, respectively (Figure. 3 B,C). After termination of CLA 

supplementation both, milk fat concentration and yield increased (P < 0.01) in CLA cows, 

and milk fat concentration, but not yield was still lower (P < 0.05) in CLA than Ctrl. Milk 

protein concentration and protein yield peaked (P < 0.01) at 3 wk, whereas milk urea tended 

to peak (P < 0.1) at 4 wk of lactation and then all decreased in both groups (Table 3). Lactose 

concentration and yield increased (P < 0.01) after onset of lactation and lactose yield was 

higher (P < 0.05) during CLA supplementation and tended to be higher (P < 0.1) during 

depletion period in CLA than in Ctrl cows (Table 3). Energy balance decreased (P < 0.05) 

with onset of lactation, but increased (P < 0.01) after wk 2 of lactation until the end of the 

study in both groups, and was higher (P < 0.05) during supplementation in Ctrl than CLA 

cows (Table 3). 

In milk fat, concentrations of most of the short and medium-chain fatty acids (C4:0 – C16:0) 

were lower (P < 0.05 or less) in CLA than Ctrl cows (Table 4). Stearic and oleic acid in milk 

fat were higher (P < 0.05) in CLA than Ctrl cows. Concentration of trans-10, cis-12 CLA was 
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higher (P < 0.05) in CLA than Ctrl cows, whereas the cis-9, trans-11 CLA isomer did not 

differ between groups. 

 

Table 3. Effect of CLA Supplementation from 2 wk before Parturition to wk 9 of Lactation 

on DMI, Body Condition, Milk Performance, and Energy Balance of Cows.
1, 2, 3

  

 Groups  P-value 

Item Ctrl CLA SEM Diet Time 
 Diet × 

Time 

DMI, kg/d             

Supplementation   17.6   16.6   0.5 0.15 0.01 1 

Depletion   20.5   19.8   1.1 0.7 0.14 0.8 

BW, kg             

Supplementation 606 605 20.4 1 0.01 0.07 

Depletion 597 586 22.3 0.7 0.7 0.6 

BCS             

Supplementation     2.61     2.75   0.11 0.4 0.01 0.9 

Depletion     2.43     2.54   0.14 0.6 0.3 0.7 

 BFT, mm            

Supplementation   11.4   11.8   1.6 0.9 0.01 0.6 

Depletion     9.4     8.7   1.4 0.8 0.7 0.8 

ECM, kg/d              

Supplementation   37.6   38.4   1.3 0.7 0.01 1 

Depletion   36.3   36.0   1.3 0.8 0.01 0.7 

Milk protein, %             

Supplementation     3.38     3.36   0.06 0.8 0.01 0.4 

Depletion     3.20     3.01   0.06 0.14 0.19 0.4 

Milk protein, kg/d             
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Supplementation     1.22     1.25   0.04 0.6 0.01 0.6 

Depletion     1.14     1.21   0.05 0.4 1 0.6 

Milk urea, mg/L       

Supplementation 194 185 10.1 0.5 0.06 1 

Depletion 212 211 8.8 1 0.5 0.7 

Lactose, %             

Supplementation     4.67     4.72   0.03 0.2 0.01 0.8 

Depletion     4.68     4.75   0.06 0.4 0.5 0.8 

Lactose, kg/d             

Supplementation     1.71     1.80   0.03 0.05 0.01 0.01 

Depletion     1.67     1.90   0.07 0.08 0.5 0.5 

Energy balance, MJ NEL/d             

Supplementation   -7.5 -19.3   2.5 0.01 0.01 0.9 

Depletion   -7.3   -8.0   6.8 1 0.01 0.5 

 

1
Samples were collected in wk 3 and wk 9 of lactation from cows supplemented with CLA 

and control fat (Ctrl), fed from 2 wk before parturition up to wk 9 of lactation. 

2
Values are least square means and pooled SEM, n = 10 per group.  
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Figure 3 

 

 

 

Figure 3. : Milk Yield (A), Milk Fat Content (B) and Fat Yield (C) in Dairy Cows either 

supplemented with CLA (● filled circles) or Linoleic Acid (Ctrl; ○ open circles). 

A 

B 

C 
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Supplementation of CLA or control fat preparation lasted for first 9 wk in milk. Values are 

least square means ± SEM; n= 10 per group. Significant main effects (P < 0.05 or lower) were 

revealed for diet (milk fat content and fat yield), time (milk yield, milk fat content, and fat 

yield), and diet × time interaction (milk yield) during supplementation and for diet (milk fat 

content), time (milk fat content and fat yield), and diet × time interaction (milk fat content and 

fat yield) during depletion. 
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Table 4: Effects of CLA Feeding on Fatty Acid Composition in Milk Samples from wk 3 and wk 9 of lactation. 
1, 2

  

  Groups  P-value 

Fatty acid, % 
Week 

Ctrl CLA SEM Diet Time Diet × Time 

4:0 3   3.47   3.58   0.14 0.4 0.3 1 

 9   3.33   3.45     

6:0 3   2.27   2.06   0.1 0.06 0.08 0.8 

 9   2.43   2.26     

8:0 3   1.28   1.11   0.07 0.05 0.01 0.9 

 9   1.46   1.32     

10:0 3   2.87   2.43   0.21 0.05 0.01 0.9 

 9   3.68   3.19     

12:0 3   3.11   2.62   0.24 0.05 0.01 0.8 

 9   4.25   3.63     

14:0 3   9.83   8.84   0.45 0.15 0.01 0.5 

 9 12.57 12.25     

14:1, cis-9 3   0.7   0.57   0.04 0.05 0.01 0.5 

 9   0.92   0.86     

15:0 3   1.15   0.86   0.09 0.05 0.07 0.3 

 9   1.23   1.12     

16:0 3 27.76 25.88   0.57 0.01 0.01 0.2 

 9 31.21 27.94     

16:1, cis-9 3   1.93   2.08   0.13 0.6 0.01 0.5 

 9   1.55   1.53     
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17:0 3   0.64   0.65   0.01 0.5 0.01 0.8 

 9   0.53   0.55     

18:0 3   9.93 11.47   0.34 0.05 0.01 0.4 

 9   8.87   9.53     

18:1, trans-6, trans-9,  3   0.74   0.77   0.06 0.4 0.8 0.5 

trans-10 9   0.97   0.80     

18:1, trans-11 3   2.60   1.60   0.35 0.2 0.1 0.1 

 9   1.51   1.61     

18:1, cis-9 3 23.17 27.24   0.97 0.01 0.01 0.7 

 9 17.75 21.19     

18:1, cis-11 3   1.35   1.47   0.07 0.05 0.01 0.8 

 9   0.93   1.08     

18:1, cis-12 3   0.32   0.33   0.03 0.4 0.15 0.6 

 9   0.35   0.39     

18:2, cis-9, cis-12 3   2.39   2.28   0.08 0.7 0.4 0.1 

 9   2.32   2.50     

18:2, cis-9, trans-11 3   0.60   0.53   0.05 0.8 0.6 0.09 

 9   0.54   0.64     

18:3, cis-9, cis-12,  3   0.51   0.48   0.03 0.8 0.9 0.2 

cis-15 9   0.48   0.51     

18:2, trans-10, cis-12 3   0.011   0.024   0.004 0.01 0.5 0.8 

 9   0.013   0.028     

20:0 3   0.105   0.112   0.005 0.19 0.9 1 

 9   0.106   0.113     

SFA 3 64.62 61.64   1.27 0.05 0.01 0.9 
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 9 71.17 67.77     

MUFA  3 28.20 32.39   1.25 0.01 0.01 0.6 

 9 22.96 25.73     

PUFA 3   3.23   3.07   0.09 0.5 0.18 0.05 

 9   3.14   3.43     

total CLA 3   0.61   0.56   0.05 0.5 0.6 0.09 

 9   0.56   0.67     

Sum FA <C16 3 25.75 22.77   1.27 0.15 0.01 0.4 

 9 30.56 29.30     

Sum FA >C16 3 44.41 49.13   1.6 0.01 0.01 0.9 

 9 36.67 41.06     

C16 & C16:1 3 29.84 28.10   1.4 0.01 0.01 0.2 

 9 32.77 29.65     
 

1
Samples were collected in wk 3 and wk 9 of lactation from cows supplemented with CLA and control fat (Ctrl), fed from 2 wk before parturition 

up to wk 9 of lactation. 

2
Values are least square means and pooled SEM, n = 10 per group. 
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4.2. Metabolites and Hormones 

Cows receiving CLA showed elevated plasma concentrations of glucose (Figure 2) from wk 1 

to wk 5 of lactation (interaction P < 0.01). Plasma concentrations of NEFA, BHBA, 

cholesterol, glucagon, and the glucagon to insulin ratio increased (P < 0.01), whereas plasma 

concentrations of triglycerides and insulin decreased (P < 0.01) with onset of lactation (Table 

5). Plasma concentrations of cholesterol tended to increase more steeply in CLA than in Ctrl 

(interaction: P < 0.15; Table 5). After termination of CLA supplementation plasma 

triglyceride concentrations increased (interaction: P < 0.15) during wk 10 of lactation in CLA, 

but not in Ctrl cows. Plasma urea concentrations increased (P < 0.05) from wk 4 of lactation 

in Ctrl and from wk 5 in CLA cows and urea concentrations tended to be lower (P < 0.15) 

during supplementation in CLA cows than Ctrl (Table 5). 
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Table 5: Effect of CLA Supplementation from 2 wk before Parturition to wk 9 of Lactation 

on Blood Plasma Concentration of Metabolites and Hormones in Cows. 
1, 2, 3 

 

 Groups  P-value 

Item Ctrl CLA SEM Diet Time 
Diet × 

Time 

NEFA, µmol/l       

Supplementation 444 458 35 0.7 0.01 0.7 

Depletion 201 228 42 0.6 0.6 0.6 

BHBA, mmol/l           

Supplementation     0.46     0.45   0.02 0.8 0.01 0.7 

Depletion     0.38     0.43   0.03 0.3 0.3 0.3 

Triglycerides, mmol/l       

Supplementation     0.09     0.09   0.01 0.8 0.01 0.4 

Depletion     0.07     0.06   0.01 0.5 0.3 0.14 

Cholesterol, mmol/l       

Supplementation     3.24     3.14   0.16 0.7 0.01 0.11 

Depletion     4.38     4.20   0.30 0.6 0.8 0.7 

Urea, mmol/l       

Supplementation     3.6     3.3   0.1 0.11 0.05 0.5 

Depletion     4.0     3.8   0.2 0.5 0.4 0.5 

Insulin, pmol/l       

Supplementation   69.2   59.4   6.1 0.3 0.01 0.2 

Depletion 101.5   72.7 19.3 0.3 0.8 0.6 

Glucagon, ng/l       

Supplementation   98.5 103.3   2.2 0.14 0.01 1 

Depletion 108.2 106.2   3.9 0.7 0.5 0.8 
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1
Samples were collected from wk 2 before parturition to wk 9 of lactation (supplementation 

period) and from wk 10 to wk 12 of lactation (depletion period) from cows supplemented with 

CLA and control fat (Ctrl), fed from 2 wk before parturition up to wk 9 of lactation. 

2
Values are least square means and pooled SEM, n = 10 per group. 

3
 Time courses of parameters are presented as figures in a Supplementary File, available 

online at http://www.journalofdairyscience.org/; or in Appendix. 

Insulin/Glucagon       

Supplementation     0.95     0.96   0.06 0.9 0.05 1 

Depletion     0.78     0.96   0.12 0.3 0.6 0.8 

http://www.journalofdairyscience.org/
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Figure 4 

 

 

Figure 4. Plasma Glucose Concentrations during Supplementation and Depletion Time in 

CLA (● filled circles) and Ctrl (○ open circles).  

Values are least square means ± SEM; n= 10 per group. Significant main effects (P < 0.01) 

were revealed for diet × time interaction during supplementation. 

 

4.3. Endogenous Glucose Production, Glucose Oxidation, and Glucose Tolerance Test 

Endogenous glucose production and GOx increased (P < 0.01) with time during lactation and 

in wk 3 eGP was lower (P < 0.05) in CLA than Ctrl (Table 6). Basal plasma glucose 

concentration increased from wk 3 to wk 9 (Table 6). Plasma glucose and insulin 

concentrations increased after glucose infusion during GTT in wk 3 and wk 9 (P < 0.01) and 

insulin secretion based on AUC tended to increase with time in CLA cows, but not in Ctrl 

cows (interaction; P < 0.15) (Table 6).  
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Table 6: Effect of CLA Supplementation from 2 wk before Parturition to wk 9 of Lactation 

on eGP and GOx as well as Plasma Concentrations of Glucose and Insulin during GTT in wk 

3 and wk 9 of Lactation.
1, 2 

 Groups  P-value 

Item Ctrl CLA SEM Diet Time 
Diet × 

Time 

eGP
3
, mmol/(kg  h)       

wk 3 p.p.     1.03     0.86
*
 

  0.04 0.01 0.01 0.2 

wk 9 p.p.     1.16     1.09 

GOx
4
, mmol/(kg  h)       

wk 3 p.p.     0.10     0.08 

  0.01 0.2 0.01 0.8 

wk 9 p.p.     0.13     0.11 

GTT
5
, basal glucose, mmol/l      

wk 3 p.p.     4.1     4.1 

  0.3 0.9 0.01 0.5 

wk 9 p.p.     4.4     4.5 

GTT
5
, basal insulin, pmol/l      

wk 3 p.p.   28.1   26.2 

  9.2 1 0.4 0.8 

wk 9 p.p.   34.5   36.1 

GTT
5
, AUCgluc (0-120), mmol/L  min      

wk 3 p.p. 183 163 

  8.8 0.17 0.4 0.5 

wk 9 p.p. 172 162 

GTT
5
, AUCins (0-120), nmol/L  min      
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wk 3 p.p.   23.8   19.3 

29.9 0.7 0.5 0.13 

wk 9 p.p.   20.0   29.1 

 

1
Samples were collected in wk 3 and wk 9 of lactation from cows supplemented with CLA 

and control fat (Ctrl), fed from 2 wk before parturition up to wk 9 of lactation. 
*
Different from 

Ctrl (P < 0.05) 

2
Values are least square means and pooled SEM, n = 10 per group. 

3
eGP: endogenous glucose production; values are least square means, n = 10 per group. 

4
GOx: glucose oxidation; values are least square means, n = 10 per group. 

5
GTT: glucose tolerance test; values are least square means, n = 10 per group. AUCgluc (0-120), 

was calculated to estimate glucose disposal and AUCins (0-120) to estimate insulin response after 

intravenous injection of 1 g/kg
0.75

 glucose. 
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4.4. Measurements in Liver 

Total fat concentrations in liver were higher (P < 0.05) in wk 3 than in wk 9 of lactation 

(Table 7). Hepatic glycogen concentrations did not differ with respect to CLA 

supplementation and time. Gene expression of PEPCKc and G6Pase tended to be lower (P < 

0.1 and P < 0.15) in CLA than in Ctrl cows (Table 7).  

 

Table 7: Effect of CLA Supplement from 2 wk before Parturition to wk 9 of Lactation on Fat 

and Glycogen Concentrations and mRNA Concentrations of PC, PEPCKc and G6Pase in 

Liver.
1, 2

 

 Groups  ANOVA P-value 

Item Ctrl CLA SEM Diet Time 
 Diet × 

Time 

Fat, mg/g dry matter           

wk 3 145 173 
  19 0.6 0.05 0.4 

wk 9 123 118 

Glycogen, mg/g dry matter           

wk 3   75 101 
  14 0.3 0.4 0.4 

wk 9   97 101 

mRNA related to GAPDH     

PC     

wk 3     0.25     0.16 
    0.04 0.2 0.2 0.4 

wk 9     0.14     0.13 

PEPCKc          

wk 3     1.46     0.97 
    0.18 0.1 0.4 0.3 

wk 9     1.04     1.03 

G6Pase       

wk 3   11.4   10.0     1 0.13 0.6 1 
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wk 9   10.7     9.4 

CPT-1       

wk 3     0.32     0.29 
    0.03 0.5 0.2 0.8 

wk 9     0.27     0.25 

1
Samples were collected in wk 3 and wk 9 of lactation from cows supplemented with CLA 

and control fat (Ctrl), fed from 2 wk before parturition up to wk 9 of lactation. 

2
Values are least square means and pooled SEM, n = 10 per group. 
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5. DISCUSSION* 

 
5.1. Conjugated Linoleic Acid Effects on Milk Performance and Body Condition 

Extent of milk fat reduction during CLA supplementation corresponds to previous studies 

(Baumgard et al., 2000; Selberg et al., 2004; Castañeda-Gutiérrez et al., 2005). Milk fat 

concentration became significantly lower in CLA than in Ctrl cows after wk 2 of lactation, 

although CLA feeding started 2 wk before parturition. The delay in milk fat depression is in 

line with previous studies (Bernal-Santos et al., 2003; Castañeda-Gutiérrez et al., 2005; Odens 

et al., 2007) and is probably induced by peripartal processes, because during established 

lactation milk fat depression occurs shortly after commencing CLA supplementation (Giesy et 

al., 2002, Perfield et al., 2002). Milk fat contained the trans-10, cis-12 CLA isomer at wk 3 of 

lactation and, therefore, it was transferred to the mammary gland during early lactation. As 

suggested, the trans-10, cis-12 CLA isomer predominantly inhibits de novo fatty acid 

synthesis in the mammary gland (Bauman and Griinari, 2003; Peterson et al., 2003; Odens et 

al., 2007). However, milk fat during early lactation may contain more long-chain fatty acids 

derived from body fat mobilization rather than newly synthesized fatty acids. We observed a 

lower proportion of short- and medium-chain fatty acids in milk fat which seems to support 

the notion that CLA related depression of milk fat is due to reduced de novo fatty acid 

synthesis. However, according to Bauman et al. (2008) milk fat depression induced by trans-

10, cis-12 CLA inhibits both, de novo synthesis and milk fat synthesis from preformed fatty 

acids. Thus, reasons for the delay of milk fat depression by trans-10, cis-12 CLA with the 

onset of lactation are not clear. Milk protein content decreased with time, but was not affected 

by CLA feeding in the current study, which is in agreement with previous findings 

(Castañeda-Gutiérrez et al., 2005; Pappritz et al., 2011). 

CLA-fed cows showed higher milk production after 5 wk postpartum. The delay in CLA-

related stimulation of milk production was probably associated with the described delay in 
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milk fat depression during early lactation, as discussed above, but the distinctiveness of the 

milk production increment in CLA cows was surprising. Albeit no differences in plasma 

NEFA and BHBA concentrations could be observed, the calculated energy balance during 

CLA supplementation was more negative in CLA than in Ctrl cows due to slightly lower DMI 

in CLA cows, but comparable ECM yield. Reports on responses of DMI and calculated 

energy balance to CLA feeding are not consistent. Inhibitory (Moallem et al., 2010; Pappritz 

et al., 2011; Von Soosten et al., 2011), stimulating (Shingfield et al., 2004) as well as no 

effects (Perfield et al., 2002; Bernal-Santos et al., 2003; Odens et al., 2007; Castañeda-

Gutiérrez et al., 2005; Von Soosten et al., 2011) on DMI were reported. In addition, CLA 

feeding in dairy cows was shown to alleviate (Shingfield et al., 2004; Odens et al., 2007) as 

well as exacerbate (Pappritz et al., 2011) post partum negative energy balance whereas others 

reported no effect (Bernal-Santos et al., 2003; Selberg et al., 2004; Castañeda-Gutiérrez, 

2005; Moallem et al., 2010). This variation in DMI and calculated energy balance due to CLA 

feeding might depend on study design, e. g. the amounts of trans-10, cis-12 CLA isomer fed 

or stage of lactation when CLA feeding was initiated, but suggest that CLA supplementation 

may not necessarily result in an improved energy status in dairy cows during early lactation. 

However, calculations of energy balance do not consider CLA effects on body composition 

presumably via reduced fat mobilization or on inflammatory status that may result in changes 

of maintenance requirements and an improved tissue energy level after CLA supplementation 

(Shingfield et al., 2004; Trevisi et al., 2008; Von Soosten et al., 2012). 

 

5.2. Conjugated Linoleic Acid Effects on Glucose Metabolism 

The rate of eGP measured in Ctrl cows in wk 3 of lactation was in line with data published 

earlier (Knowlton et al., 1998), and eGP corresponded well to the level of milk production 

(Aschenbach et al., 2010). Endogenous glucose production increased with ongoing lactation 
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in both groups, supporting the concept of increased eGP with increased DMI in ruminants 

(Bell and Bauman, 1997; Brockman, 2005; Aschenbach et al., 2010). The amount of available 

glucose is important to achieve the full genetic potential for milk production, because lactose 

is the major osmoregulator for mammary uptake of water (Linzell, 1972; Danfaer, 1994; 

Rigout et al., 2002).  

Although plasma glucose concentrations were higher during early lactation in CLA than Ctrl 

cows, eGP in 3rd wk of lactation was lower. Probably, decreased eGP and elevated plasma 

glucose concentrations reflect the reduced glucose need e. g. for milk fat synthesis, but could 

additionally result from a more efficient utilization of metabolizable energy in CLA-fed cows 

(Voigt et al., 2005; von Soosten et al., 2012). Ruminants mainly use acetate and butyrate as 

substrates for fatty acid synthesis, but glucose is needed for milk fat synthesis in ruminants as 

well to provide NADPH for the de novo fatty acid synthesis and glycerol (Palmquist and 

Jenkins, 1980; Grummer and Carroll, 1991; Bauman and Griinari, 2003; Voigt et al., 2005). 

On the other hand, lactose output increased with CLA feeding, since more glucose was 

available for lactose synthesis, despite eGP reduction in CLA-fed cows. We assume a higher 

lactose synthesis due to higher glucose availability because of less glucose utilization for milk 

fat synthesis in CLA cows and therefore a greater milk yield in CLA-fed cows (Linzell, 1972; 

Danfaer, 1994; Rigout et al., 2002). In contrast to long-chain fatty acids in rumen-protected 

fat, the trans-10, cis-12 CLA isomer inhibits milk fat synthesis in the mammary gland 

resulting in a reduced milk fat content, whereas rumen-protected long-chain fatty acid feeding 

did not inhibit milk fat content, but reduced de novo fatty acid synthesis and increased milk 

fat synthesis from long-chain fatty acids (Grummer and Carroll, 1991; Bauman et al., 2008). 

In addition, recent findings on tissue mobilization and protein accretion in CLA-fed cows 

point to a more efficient utilization of metabolizable energy due to CLA supplementation 

during early lactation. Indeed, when we calculate the overall glucose sparing in the mammary 
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gland we determined about 122 g glucose/d due to less glycerol and fatty acid synthesis, but 

an additional use of glucose for lactose production in CLA cows of about 77 g glucose/d, 

resulting in an overall glucose sparing effect in the mammary gland of about 45 g glucose/d 

(for a cow with 600 kg BW). Because the overall eGP reduction in CLA cows when 

compared to Ctrl cows was 311 g glucose/d (600 kg BW during 9 wk of lactation), there was 

probably more glucose sparing in other tissues than in the mammary gland. The additional 

glucose sparing might be a consequence of the improved feed efficiency in CLA-fed dairy 

cows (von Soosten et al., 2012), which may lead to reduced whole body glucose utilization. 

Therefore, the reduced eGP in CLA fed cows might be a consequence of reduced fat synthesis 

in the mammary gland, but also a result of a more efficient utilization of metabolizable 

energy. 

The decreased glucose demand may have caused higher plasma glucose concentrations in our 

study and, at the same time, decreased the need for eGP to retain glucose homeostasis. This is 

in contrast to feeding of rumen-protected fat, where plasma glucose concentrations decreased, 

but eGP was unchanged (Hammon et al., 2008). The slightly lower DMI in CLA-fed cows 

probably contributed to the decreased eGP observed in our study probably due to lower 

propionate availability in CLA cows (Aschenbach et al., 2010). The decreasing effect of CLA 

feeding on eGP was less distinct in wk 9 than in wk 3 of lactation, suggesting differences in 

eGP regulation with ongoing lactation that were probably related to increased 

gluconeogenesis from propionate due to increased DMI in both groups (Bell and Bauman, 

1997; Brockman, 2005; Aschenbach et al., 2010).  

With onset of lactation GOx decreases dramatically in dairy cows, because cows reduce GOx 

in muscle and fat tissue during early lactation to provide sufficient glucose for milk synthesis 

(Danfaer, 1994; Bell and Bauman, 1997). Furthermore, GOx is inversely correlated to milk 

production (Hammon et al., 2010). The GOx obtained in the present study supports previous 
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measurements (Hammon et al., 2008) and the increasing rate of GOx with lactation is in line 

with increasing eGP and glucose availability (Danfaer, 1994; Bell and Bauman, 1997). 

Glucose oxidation was numerically lower in CLA than Ctrl cows, which seems to support the 

hypothesis of lower glucose utilization in CLA cows. The reasons why we have not seen a 

more distinct reduction of GOx in CLA-fed cows are presently not known. Because GOx is 

low during early lactation, a more distinct reduction by CLA feeding may occur in mid-

lactation cows. In addition, although we have not seen different glycogen concentrations in 

liver between CLA and Ctrl cows, glucose was probably used for glycogen synthesis in 

muscle to refill glycogen depots that were degraded with onset of lactation as we have 

previously demonstrated (Kuhla et al., 2011). 

Elevated plasma glucose concentrations, but reduced eGP in CLA-fed cows might not be a 

consequence of impaired insulin action. Based on basal plasma insulin concentrations and 

GTT results, an insulin resistance due to CLA feeding could be excluded in our study, which 

supports previous findings (Baumgard et al., 2002; Bauman et al., 2008). Insulin resistance is 

known from rodents fed diets high in CLA, but these doses were substantially higher than 

those fed to dairy cows in the present study (Winzell et al., 2006). In addition, insulin 

response in liver is less sensitive when compared to other tissues such as skeletal muscle and 

fat (Vernon, 2005a) and insulin might be not responsible for the decreased eGP in CLA-fed 

cows. This assumption is further supported by the lack of difference in plasma glucagon and 

the glucagon to insulin ratio between groups. Therefore, reduced eGP might be a result of 

autoregulation (Danfaer, 1994; Brockman, 2005), although the regulation of eGP by 

glucokinase activity may be less pronounced in ruminants (Moore et al., 1998; Tappy et al., 

2000).  

The mRNA concentrations of PEPCKc and G6Pase tended to be reduced in CLA-fed cows, 

which support the overall finding of reduced eGP. In a previous study, CLA supplementation 
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did not affect hepatic mRNA of PC and PEPCKc in dairy cows during early lactation (Selberg 

et al., 2004), but rumen-protected fat supplementation resulted in decreased G6Pase mRNA 

concentrations in liver (Lohrenz et al., 2010). Since supplementation of trans-10, cis-12 CLA 

as well as rumen-protected fat results in a glucose-sparing effect, hepatic gene expression of 

G6Pase might be a key-factor in regulating eGP by reducing glucose delivery to the 

circulation. Interestingly, CLA treatment decreased gluconeogenesis in porcine hepatocytes, 

possibly due to increased hepatic insulin sensitivity (Conde-Aguilera et al., 2012). However, 

it is not clear whether this is also the case in bovine hepatocytes and as discussed above, CLA 

may have not changed insulin sensitivity in our study. On the other hand, CLA feeding did 

not affect CPT-1 mRNA concentrations in liver. CPT-1 mRNA codes for a key enzyme 

initiating hepatic fatty acid oxidation. Therefore, hepatic fatty acid oxidation was probably not 

affected by CLA feeding in line with the lack of difference in liver fat concentrations. 

In conclusion, our data show reduced eGP in dairy cows supplemented with CLA containing 

the trans-10, cis-12 isomer. A diminished eGP was associated with decreased milk fat yield, 

but partially elevated milk production and a more negative energy balance during early 

lactation. Although CLA supplementation did not result in an improved energy status, more 

glucose was excreted in the milk, but less glucose was utilized in the mammary gland and 

probably also in other tissues, pointing at a glucose sparing effect in CLA-fed cows. The 

decreased glucose utilization is counterbalanced by a reduced eGP to retain glucose 

homeostasis and enable a more efficient milk production. 
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7. APPENDIX 

Supplementary File, available online at http://www.journalofdairyscience.org/ 

 

Supplemental Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 1: ECM in dairy cows either supplemented with CLA (● filled circles) 

or linoleic acid (Ctrl; ○ open circles).  upplementation of CLA lasted for first 9 wk in milk. 

Values are least square means ± SEM; n= 10 per group. Significant main effects are presented 

in Table 3 of the manuscript. 
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Supplemental Figure 2 

A) 

 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2: Milk protein content (A) and protein yield (B) in dairy cows either 

supplemented with CLA (● filled circles) or linoleic acid (Ctrl; ○ open circles). 

Supplementation of CLA lasted for first 9 wk in milk. Values are least square means ± SEM; 

n= 10 per group. Significant main effects are presented in Table 3 of the manuscript. 
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Supplemental Figure 3 

A) 

 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 3: Lactose content (A) and lactose yield (B) in dairy cows either 

supplemented with CLA (● filled circles) or linoleic acid (Ctrl; ○ open circles). 

Supplementation of CLA lasted for first 9 wk in milk. Values are least square means ± SEM; 

n= 10 per group. Significant main effects are presented in Table 3 of the manuscript. 
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Supplemental Figure 4 
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B) 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 4: Milk urea (A) and BW during the transition period in dairy cows 

either supplemented with CLA (● filled circles) or linoleic acid (Ctrl; ○ open circles). 

Supplementation of CLA lasted for first 9 wk in milk. Values are least square means ± SEM; 

n= 10 per group. Significant main effects are presented in Table 3 of the manuscript. 
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Supplemental Figure 5 

A) 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 5: Dry matter intake (A) and energy balance (B) in dairy cows during 

the transition period either supplemented with CLA (● filled circles) or linoleic acid (Ctrl; ○ 

open circles). Supplementation of CLA lasted for first 9 wk in milk. Values are least square 

means ± SEM; n= 10 per group. Significant main effects are presented in Table 3 of the 

manuscript. 
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Supplemental Figure 6 

A) 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 6: Body condition score (A) and back fat thickness (B) in dairy cows 

during the transition period either supplemented with CLA (● filled circles) or linoleic acid 

(Ctrl; ○ open circles).  upplementation of CLA lasted for first 9 wk in milk. Values are least 

square means ± SEM; n= 10 per group. Significant main effects are presented in Table 3 of 

the manuscript. 
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Supplemental Figure 7 

A) 
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Supplement 

Supplemental Figure 7: Plasma concentrations of NEFA (A) and BHBA (B) in dairy cows 

during the transition period either supplemented with CLA (● filled circles) or linoleic acid 

(Ctrl; ○ open circles).  upplementation of CLA lasted for first 9 wk in milk. Values are least 

square means ± SEM; n= 10 per group. Significant main effects are presented in Table 5 of 

the manuscript. 
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Supplemental Figure 8 

A) 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 8: Plasma concentrations of triglycerides (A) and cholesterol (B) in 

dairy cows during the transition period either supplemented with CLA (● filled circles) or 

linoleic acid (Ctrl; ○ open circles).  upplementation of CLA lasted for first 9 wk in milk. 

Values are least square means ± SEM; n= 10 per group. Significant main effects are presented 

in Table 5 of the manuscript. 
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Supplemental Figure 9 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 9: Plasma concentrations of urea in dairy cows during the transition 

period either supplemented with CLA (● filled circles) or linoleic acid (Ctrl; ○ open circles). 

Supplementation of CLA lasted for first 9 wk in milk. Values are least square means ± SEM; 

n= 10 per group. Significant main effects are presented in Table 5 of the manuscript. 
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Supplemental Figure 10 

A) 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 10: Plasma concentrations of insulin (A) and glucagon (B) in dairy cows 

during the transition period either supplemented with CLA (● filled circles) or linoleic acid 

(Ctrl; ○ open circles).  upplementation of CLA lasted for first 9 wk in milk. Values are least 

square means ± SEM; n= 10 per group. Significant main effects are presented in Table 5 of 

the manuscript. 
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8. SUMMARY  

 

Kristin Hötger (2013): 

Glucose metabolism in dairy cows supplemented conjugated linoleic acid 

 

Conjugated linoleic acid (CLA), particularly the trans-10, cis-12 CLA isomer, is well known 

for its milk fat reducing effect, but CLA effects on glucose metabolism are not clear. The 

objective of the study was to investigate glucose metabolism, especially endogenous glucose 

production (eGP) and glucose oxidation (GOx) as well as genes involved in metabolic 

pathways of hepatic eGP. Cows were fed ad libitum TMR supplemented with either 50 g/d 

Lutrell pure (BASF, Ludwigshafen, Germany) containing 9.3 % trans-10, cis-12 and 10.3 % 

cis-9, trans-11 CLA isomers (CLA; n=10), or 50 g/d control fat (BASF; Ludwigshafen, 

Germany; control; n=10). Both fat types were provided in a rumen-protected form. 

Supplementation of CLA lasted from 2 weeks prior to projected calving to 9 weeks in milk. 

From 10 weeks to 12 weeks after calving fat supplementation was removed from the ration in 

both groups. The experiment was terminated after 12 weeks of lactation.  

Cows were investigated in 5 blocks consisting of 4 cows (2 CLA and 2 control cows) in each 

block. Individual feed intake was recorded daily and feed samples were collected weekly. 

Cows were milked twice daily, milk yield was measured daily, and milk samples were taken 

once weekly for measurement of fat, lactose, and protein in milk. Fatty acid composition in 

milk fat was measured 3 and 9 weeks after parturition. Body weight, body condition score, 

and back fat thickness were measured every week. 

Blood samples were taken once weekly after the morning milking and before cows were 

allowed to eat by venipuncture. Concentrations of glucose, triglycerides, non-esterified fatty 

acids (NEFA), beta-hydroxybutyrate (BHBA), cholesterol, urea, insulin, and glucagon were 
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analyzed in blood plasma. An intravenous glucose tolerance test (GTT; 1 g/kg
0.75

) was 

performed 3 and 9 weeks after parturition and frequent blood samples were taken after 

glucose administration to measure pancreatic insulin response.  

Endogenous glucose production and GOx were measured three days after GTT, respectively. 

After overnight food withdrawal, a prime injection initiated U-
13

C-glucose infusion of 4 hours 

and blood samples were taken frequently. Endogenous glucose production was calculated 

from U-
13

C-glucose enrichment in blood plasma, measured by gas chromatography - mass 

spectrometry. Glucose oxidation was measured in whole blood by isolation of CO2 and 

determination of the 
13

C/
12

C ratio by mass spectrometry. 

Liver biopsies were taken in week 3 and week 9 after parturition to measure total fat and 

glycogen concentrations and mRNA abundance of pyruvate carboxylase (PC), cytosolic 

phosphoenolpyruvate carboxykinase (PEPCKc), glucose-6-phosphatase (G6Pase), and 

carnitine palmitoyl-transferase-1 (CPT-1). Glyceraldehyde-3-phosphate dehydrogenase was 

used as reference gene. 

Conjugated linoleic acid reduced milk fat concentration (P < 0.01) and milk fat yield (P < 

0.01) during supplementation by 14 % and 13 %. After finishing CLA supplementation both, 

milk fat concentration and yield increased (P < 0.01) in CLA cows, and milk fat 

concentration, but not yield was still lower (P < 0.05) in CLA than in control. In milk fat, 

concentrations of most of the short- and medium-chain fatty acids (C4:0–C16:0) were lower 

(P < 0.05 or less) in CLA-fed than control cows. Stearic and oleic acid in milk fat were higher 

(P < 0.05) in CLA-fed than control cows.  

Milk yield increased more in CLA than control group after onset of lactation, but after five 

weeks of lactation milk yield was higher in CLA than control cows (interaction P < 0.01). 

Lactose concentration and yield increased (P < 0.01) with onset of lactation and lactose yield 

was higher (P < 0.05) during CLA supplementation and tended to be higher (P < 0.1) after 
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CLA supplementation in CLA than control cows. Dry matter intake increased (P < 0.01) with 

time, and tended to be lower (P = 0.15) in supplemented cows. Body weight, back fat 

thickness, and body condition score decreased (P < 0.01) in both groups with onset of 

lactation. Energy balance decreased (P < 0.05) after parturition, but increased (P < 0.01) after 

2 weeks of lactation until the end of the study in both groups. Energy balance was higher (P < 

0.05) during CLA supplementation in control than CLA cows.  

Cows supplemented CLA showed elevated concentrations of glucose in blood plasma from 

first to fifth week after parturition (interaction P < 0.01), whereas plasma glucose 

concentrations increased during depletion more in control than in CLA fed cows (interaction 

P < 0.08). Plasma concentration of NEFA, BHBA, cholesterol, and glucagon and the 

glucagon to insulin ratio increased (P < 0.01), whereas plasma concentrations of triglyceride 

and insulin decreased (P < 0.01) after parturition. 

Plasma glucose concentrations increased after glucose infusion during GTT in 3rd and 9th 

week after parturition. (P < 0.01), but there were no differences of plasma glucose and insulin 

concentrations between CLA and control fed cows. Endogenous glucose production and GOx 

increased (P < 0.01) during lactation and in 3rd week of lactation eGP was lower (P < 0.05) in 

cows fed CLA than control group.  

Total fat concentrations in liver decreased (P < 0.05) with time, but did not differ between 

groups. Hepatic glycogen concentrations were not affected by time or treatment. Gene 

expression of PEPCKc and G6Pase tended to be lower (P < 0.1 and P < 0.15) in CLA 

supplemented than control cows. Gene expression of CPT-1 mRNA was not affected by time 

or treatment. 

We suppose milk fat depression especially by inhibition of fatty acid synthesis in the 

mammary gland and a glucose sparing effect due to CLA supplementation. Even if CLA 

supplementation did not result in an improved energy status and although more glucose was 
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extracted into the milk, less glucose was utilized in the mammary gland due to reduced milk 

fat synthesis. Because reduction in eGP of CLA-fed cows was greater than the reduction of 

glucose utilization in the mammary gland, there was obviously reduced glucose utilization in 

other tissues as well. The decreased glucose use was counterbalanced by reduced eGP to 

retain glucose homeostasis and enable a more efficient milk production. 
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9. ZUSAMMENFASSUNG  

 

Kristin Hötger (2013): 

Auswirkungen einer Supplementierung konjugierter Linolsäure auf den 

Glucosestoffwechsel von Milchkühen zum Laktationsbeginn 

 

Eine Reduzierung des Milchfettgehalts als Folge einer Supplementierung der Ration mit 

konjugierten Linolsäuren (CLA), insbesondere trans-10, cis-12 CLA, wurde bei 

Hochleistungskühen oft beschrieben. Die Frage, ob die milchfettreduzierende Wirkung der 

CLA mit einer Beeinflussung des Glucosestoffwechsels in Zusammenhang steht, konnte 

bisher jedoch noch nicht abschließend beantwortet werden. In dieser Studie wurden die 

Auswirkungen einer CLA-Supplementierung auf den Glucosestoffwechsel von 

Hochleistungsmilchkühen, insbesondere auf die endogene Glucoseproduktion (eGP) und die 

Glucoseoxidation (GOx) untersucht. Des Weiteren wurden in der Leber der Glykogen- und 

Fettgehalt sowie Veränderungen in der Genexpression von Enzymen, die für die Synthese der 

Glucose in der Leber von Bedeutung sind, näher betrachtet.  

In der vorgelegten Arbeit wurden 20 Milchkühe (zweite Laktation) der Rasse Deutsch 

Holstein zwei Wochen ante partum (a.p.) bis neun Wochen post partum (p.p.) mit einer 

totalen Mischration gefüttert, die entweder 50 g einer CLA-Mischung (10 % trans-10, cis-12; 

10 % cis-9, trans-11; Lutrell pure, BASF, Ludwigshafen; Versuchsgruppe, n=10) oder 50 g 

Linolsäure (Omega-6-coated, BASF, Ludwigshafen; Kontrollgruppe, n=10) enthielt. Sowohl 

Lutrell pure als auch Omega-6-coated lagen in Form von pansenstabilen Granulaten vor. 

Es wurden wöchentlich Futtermittelproben zur Bestimmung der Trockenmasse genommen. In 

14-tägigem Abstand wurden Futtermittelproben für die Bestimmung der chemischen 

Zusammensetzung der Mischrationen und der Gras- und Maissilagen mithilfe der Weender 
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Futtermittelanalyse gezogen. Die Futteraufnahme und die Milchmenge wurden täglich erfasst. 

In den Milchproben wurde wöchentlich der Gehalt an Milchfett, -eiweiß und Lactose 

bestimmt. Außerdem wurde im Milchfett der dritten und neunten Laktationswoche das 

Fettsäuremuster bestimmt. Die Körpermasse, die Rückenfettdicke und die Körperkondition 

der Tiere wurden einmal wöchentlich erfasst. 

Wöchentliche Blutproben wurden auf ihre Plasmakonzentrationen an Glucose, freien 

Fettsäuren (NEFA), Triglyceriden, ß-Hydroxybuttersäure (BHBA), Cholesterin, Harnstoff, 

Insulin und Glucagon untersucht. In der dritten und neunten Laktationswoche wurde ein 

Glucosetoleranztest (GTT) durchgeführt. Hierzu wurde Glucose (1g/kg
0,75 

Körpermasse) 

mittels einer 40-prozentigen Glucoselösung infundiert und kontinuierlich Blutproben 

entnommen. In den Blutproben wurden die Plasmakonzentrationen von Glucose und Insulin 

bestimmt. In der dritten und neunten Laktationswoche wurde die eGP und die GOx bestimmt. 

Hierzu wurde [13C6]Glucose, mittels eines intraven sen  olus (5.4 μmol/kg) und einer 

vierst ndigen Infusion (7.5 μmol/(kg × h)) vera reicht und vor und während der Tracerga e 

kontinuierlich Blutproben entnommen, in denen die Anreicherung von [
13

C]Glucose im 

Blutplasma sowie die Anreicherung von 
13

C im CO2 des Vollbluts mittels Isotopenverhältnis-

Massenspektrometrie nach vorangegangener Derivatisierung bestimmt wurden.  

Zudem wurde den Tieren in der dritten und neunten Laktationswoche jeweils vor der 

Morgenfütterung Lebergewebe mithilfe der Biopsietechnik entnommen. In den Leberproben 

wurden die Konzentrationen an Glycogen und Gesamtfett bestimmt. Außerdem wurde die 

Genexpression der Enzyme Pyruvatcarboxylase (PC), cytosolische 

Phosphoenolpyruvatcarboxykinase (PEPCKc), Glucose-6-phosphatase (G6Pase) und 

Carnitin-Palmitoyltransferase-1 (CPT-1) mittels Echtzeit-PCR untersucht. Glycerinaldehyd-3-

phosphat-Dehydrogenase diente als Referenzgen. 
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Die CLA-Fütterung führte zu einer Reduktion der Milchfettkonzentration (P < 0.01) um 14 % 

und der täglichen Milchfettmenge (P < 0.01) um 13 %. Nach dem Ende der CLA-

Supplementierung stiegen sowohl Milchfettkonzentration als auch Milchfettmenge (P < 0.01) 

an, jedoch blieb die Milchfettkonzentration nach Beendigung der CLA-Fütterung in der CLA-

Gruppe niedriger als in der Kontrollgruppe (P < 0.05). Die Supplementierung mit CLA führte 

zu einer Reduktion von kurz- und mittelkettigen Fettsäuren im Milchfett (P < 0.05), während 

der Gehalt an Stearin- und Ölsäure im Milchfett mit CLA-Fütterung zunahm. 

In beiden Gruppen stieg die Milchmenge mit dem Fortschreiten der Laktation an, jedoch 

erreichten die CLA gefütterten Kühe fünf Wochen p.p. höhere Werte (Interaktion P < 0.01). 

Die Lactosemenge und -konzentration in der Milch stiegen (P < 0.01) nach der Kalbung 

kontinuierlich an, die Lactosemenge war während der CLA-Fütterung höher (P < 0.05) und 

zeigte auch nach der Beendigung der CLA-Fütterung tendenziell höhere Werte (P < 0.1) in 

der CLA- als in der Kontrollgruppe. Die Trockenmasseaufnahme stieg mit Beginn der 

Laktation an (P < 0.01) und war bei den CLA-Tieren tendenziell niedriger (P = 0.15), 

während Körpergewicht, Körperkondition und Rückenfettdicke der beiden Gruppen nach dem 

Abkalben abnahmen (P < 0.01). Mit dem Einsetzen der Laktation fiel (P < 0.05) die 

Energiebilanz beider Gruppen in den negativen Bereich. Ab der zweiten Woche p.p. stieg die 

Energiebilanz aller Tiere (P < 0.01) wieder an, allerdings zeigten die Kontrolltiere höhere 

Werte als die CLA-Tiere (P < 0.05). 

Bei den mit CLA gefütterten Tieren waren in den ersten fünf Wochen p.p. höhere Glucose-

konzentrationen im Blutplasma nachweisbar (Interaktion P < 0.01), während die Plasmaglu-

cosekonzentrationen nach Beendigung der CLA-Fütterung in der Kontrollgruppe stärker 

anstiegen als in der CLA-Gruppe (Interaktion P < 0.08). Plasmakonzentrationen von NEFA, 

BHBA, Cholesterol, Glucagon sowie das Glucagon:Insulin-Verhältnis stiegen mit 
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Lakationsbeginn an (P < 0.01), während Triglycerid- und Insulinkonzentrationen im 

Blutplasma sanken (P < 0.01). 

Während des GTT in der dritten und neunten Laktationswoche stiegen die 

Glucosekonzentrationen im Blutplasma nach Verabreichung des Glucosebolus (P < 0.01) an, 

aber es zeigten sich keine Unterschiede zwischen CLA gefütterten und Kontrollkühen. Die 

Insulinausschüttung als Reaktion auf die Glucoseverabreichung stieg ebenfalls an, zeigte aber 

keine Gruppenunterschiede. Die eGP und GOx stiegen (P < 0.01) während der Laktation an. 

Es zeigte sich, dass die eGP der CLA-Tiere in der dritten Woche p.p. niedriger (P < 0.05) war 

als die der Kontrollkühe.  

Die Konzentrationen an Gesamtfett in der Leber waren in der dritten Woche p.p. höher als in 

der neunten Woche (P = 0.05). Die Konzentrationen an Glycogen in der Leber veränderten 

sich nicht über die Zeit. Die Genexpressionen der Enzyme PEPCKc and G6Pase tendierten  

(P < 0.1 und P < 0.15) zu niedrigeren Werten bei den CLA-Tieren im Vergleich zu den 

Kontrolltieren. Die Genexpression von CPT-1 war durch die CLA-Supplementierung nicht 

beeinflusst. 

Die vorliegenden Ergebnisse lassen die Schlussfolgerungen zu, dass die Reduktion des 

Milchfettes nach CLA Fütterung insbesondere durch eine Hemmung der Synthese von 

Fettsäuren in der Milchdrüse erfolgt und dass die CLA-Fütterung aufgrund der reduzierten 

Milchfettsynthese in der Milchdrüse zu einem Glucosespareffekt führt, obwohl nach CLA-

Fütterung vermehrt Glucose in Form von Lactose mit der Milch abgegeben wird. Da die eGP 

nach CLA-Fütterung deutlicher reduziert ist als nach der Glucoseeinsparung in der 

Milchdrüse zu erwarten gewesen wäre, wird wahrscheinlich auch in anderen Körpergeweben 

Glucose eingespart. Die Reduktion der eGP spiegelt den geringeren Glucoseverbrauch nach 

CLA-Fütterung wider, sichert somit die Aufrechterhaltung der Glucosehomöostase und 

ermöglicht eine effizientere Milchproduktion.
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